Abstract: Age and size structure are attributes of fishery stocks important for predicting future productivity. As such, estimating age and length composition of catches has long been an important fisheries management activity. Many observer programs sample catches to obtain length measurements and otoliths (or other structures for ageing) from targeted species. In North Pacific groundfish fisheries, observers collect these data through a stratified multiphase sampling design. Sampling variance and covariance estimates for catch-or proportions-at-length or -age that reflect the randomization inherent in the sampling design provide important measures of uncertainty that correspond to measurement error components in length-or age-structured stock assessment models. We compare sampling variances and covariances of Pacific cod (Gadus macrocephalus) proportions-at-length and sablefish (Anoplopoma fimbria) proportions-at-age with those provided by the overdispersed multinomial model sometimes used in these assessment models. For example, the sampling variance estimates for 2002 Pacific cod proportion-at-length estimates in the Bering Sea -Aleutian Islands are at most 13% of the variances provided by multinomial and square-root sample size assumptions. Furthermore, some proportion estimates are positively correlated, whereas only negative correlation occurs with the multinomial distribution.
Introduction
Sampling for length, age, and length-at-age composition from fish catches is a long-studied problem in fisheries management (e.g., Fridriksson 1934; Tanaka 1953; Kimura 1977) . The main use of catch-at-age or -length data is in fishery stock assessments, and the statistical models researchers use to link catchesat-age or -length through time have understandably become more sophisticated (Fry 1949; Fournier and Archibald 1982; Schnute and Richards 1995) . The catches-at-length or -age are often assumed to arise from an overdispersed multinomial distribution (see McCullagh and Nelder 1989, pp. 174-175) , where the overdispersion is dealt with through the "effective sample size" (e.g., Fournier et al. 1990; McAllister and Ianelli 1997) . Recent work has more formally dealt with departures of length and age composition sampling from the multinomial assump-tion (Kvist et al. 2002; Hirst et al. 2004; Hrafnkelsson and Stefánson 2004) , but rarely has the asymptotic multivariate normality of design-based estimates for numbers-or proportionsat-length or -age been considered in length-or age-structured stock assessment models.
For North Pacific groundfish, measures of precision for yearly catches-at-length or -age in groundfish stock assessments are based on completely model-based methods rather than on the sampling design used to collect length data (e.g., Sigler et al. 2004; Thompson and Dorn 2004; Ianelli et al. 2004 ). However, there are several reasons the design is bypassed. For example, although observers are instructed to collect data in a randomized fashion, and design-based estimation of catch parameters over particular regions and (or) periods is theoretically possible, the information needed for these estimates is not recorded in sufficient detail. Furthermore, important information regarding unobserved fishing trips, such as total numbers of unobserved trips made by each vessel with less than 100% observer coverage and numbers of hauls made during those trips, is unavailable. Finally, fishing effort of the vessels smallest in length (<18.3 m) is unsampled.
Many improvements have been prescribed for the North Pacific Groundfish Observer Program (NPGOP) design (Vølstad et al. 1997; MRAG 2000; Miller 2005) , and steps are being taken to implement them, but there is a clear need for estimators that reflect the sampling design. To answer this need, we present estimators for catch-at-length and -age and proportions-at-length and -age of the groundfish species in longline catches. Because catch-at-length and -age estimates are used in length-and agestructured assessments that result in consequential management decisions (e.g., catch quotas, fishery closures, etc.), we feel that estimation of catch parameters from the catch data should rely on as few assumptions as possible. As such, our philosophy in deriving these estimators is to use the design-based approach whenever possible. However, information deficiencies require integration of some model-based methods within the designbased construct. We describe the sampling design and complications in the data-recording procedures that require this integrated approach to estimation. We apply the estimators for Pacific cod (Gadus macrocephalus) catches-and proportions-atlength and sablefish (Anoplopoma fimbria) catches-and proportions-at-age as examples, but the estimators are appropriate for any other targeted North Pacific groundfish species where length or age data are collected.
Design-and model-based inference
The design-based approach to estimation from sampling designs (e.g., Cochran 1977 ) has a longer history than the modelbased approach (e.g., Valliant et al. 2000) , and the properties of the respectively derived estimators have important differences. In design-based inference, the elements in a finite universe (e.g., all hooks deployed by North Pacific longliners in a given year) all have fixed values for the characteristic of interest. The estimators of parameters and inference are based solely on the randomization inherent to the sampling design that determines which elements are observed (see Cochran 1977; Särndal et al. 1992) . Thus, inferences made under this paradigm are not dependent on the process that generates the values exhibited in the finite universe nor appropriateness of an assumed model of that process. In contrast, for model-based estimation, a "superpopulation" model is assumed to generate the values realized for each element in the finite universe of interest. Model-based inference is based on the prediction of the values for the unobserved elements in the universe, where the predictions are functions of the observed elements (see Cassel et al. 1977; Bolfarine and Zacks 1992; Valliant et al. 2000) .
Materials and methods

Observer sampling design
In US waters off Alaska, observers overseen by the NPGOP collect length measurements and otoliths (or other ageable structures) from many groundfish species (AFSC 2004) . The NPGOP is one of the largest observer programs in the world and deploys observers on vessels through a stratified, multiphase sampling design. Under current regulations, large longliners (≥38.1 m) generally have observers on board during all fishing activities, each medium longliner (<38.1 m and ≥18.3 m) generally has an observer on board 30% of the days it spends fishing in each quarter, and any small longliners (<18.3 m) do not require observer coverage. To comply with the regulations, observers are deployed on medium vessels for fishing trips at the discretion of each vessel owner (or operator). Because each medium vessel must comply with coverage requirements within each quarter, the sampling process for catches made by each vessel each quarter (vessel-quarter) is independent of that within other vessel-quarters. Vessel-quarters are therefore viewed as strata from a finite sampling perspective.
Within each vessel-quarter, there is a multiphase sampling design. Three of these phases are sampling of trips within vessels, hauls within trips, and portions within hauls. Further subsampling within hauls can occur for length measurements and otoliths. If observed fishing trips are representative of all trips during a vessel-quarter, then we may assume simple random sampling (SRS) of trips (e.g., Cochran 1977, pp. 18-20) . However, observed fishing effort recorded in the NPGOP archive does not distinguish unique trips for each vessel. Consequently, trips must be defined by the data user. One criterion to define trips would be when observers embark and disembark a particular vessel. However, if the vessel performs multiple trips while the observer is aboard, then these separate trips would not be detectable in the archived data. Furthermore, an observer may reboard a vessel during his or her contract at a later date, and the only way to determine this from the NPGOP database is a break in the dates when hauls are observed by an observer on the same vessel. Because the amount of time between consecutive trips with the same observer is unknown, we assume here for simplicity a break of 2 days between hauls by a vessel to distinguish trips.
When observers are deployed on a fishing trip, they sample a fraction of the hauls that are made by the vessel according to an elaborate randomization process (AFSC 2004 ). An SRS of hauls within an observed fishing trip is assumed as an approximation to the haul sampling process (MRAG 2003) .
For longline hauls, observers typically select portions of the haul (tally period) to count numbers caught for different fish species (AFSC 2004) . Observers also randomly sample prespecified numbers of fish for a weight sample and, for some species, a prespecified number of fish is randomly subsampled from the weight sample to measure lengths. For some hauls, otoliths are obtained from a random subsample of fish in the length sample.
Length measurements and otoliths are not necessarily taken for every haul sampled for numbers and average weights. The instructions for taking length and otolith samples depend on the species, but for many, these samples are only taken when (i) the haul is randomly chosen for counting and weighing fish and (ii) the species of interest is prevalent (designated s-prevalent). For a given trip, the s-prevalent hauls comprise a subset (a) of all hauls made during the trip. If all hauls are sampled in a trip, length samples would be taken from all s-prevalent hauls, but observers sample hauls randomly and without regard to sprevalence. Therefore, the number of hauls sampled that are s-prevalent is random in the sampling design. Otoliths are not sampled from every length sample, in general; rather there is often a systematic sample of s-prevalent hauls to obtain otoliths. The frequency of otolith subsampling depends on the species of interest, and a further subsample of all the collected otoliths may be analyzed for ages. Whether and what type of a sample of collected otoliths are aged is decided by stock assessment scientists. For sablefish, observers are instructed to take otolith samples with every length sample (but this is not always done), and an SRS of all sablefish otoliths collected in each predetermined management region each year are aged.
Domain estimation for stock assessments
In general, North Pacific groundfish stock assessment scientists that use length or age composition data require catchat-length or -age estimates for particular management regions and (or) periods that do not coincide with the strata defined by the NPGOP sampling design. As with s-prevalent hauls, levels of sampling effort in particular regions and (or) periods are random with respect to the design. That is, letting m denote the region and (or) period of interest, hauls in a given trip may occur either inside or outside of the mth region and (or) period. Thus, catch-at-length and -age estimation will be confined to the subset of hauls that are both s-prevalent and in the mth region and (or) period (which we call am). Estimation pertaining to these subsets is known as subpopulation (Cochran 1977, pp. 35-38) or domain (Särndal et al. 1992, pp. 390-395) estimation in the design-based paradigm.
The regions and (or) periods used in Pacific cod and sablefish assessments depart from the strata imposed in the NPGOP sampling design in different ways. For Pacific cod assessments, estimates of total catch and catch-at-length are required for the Bering Sea -Aleutian Islands and Gulf of Alaska in three periods: January through May, June through August, and September through December (Thompson and Dorn 2004; Thompson et al. 2004) . For sablefish assessments, yearly total catch and catchat-age estimates are required for six management regions: Aleutian Islands, Bering Sea, western and central Gulf of Alaska, western Yakutat, and the Southeast (Sigler et al. 2004 ).
Parameter estimation
Design-based estimation is only possible for the s-prevalent subset of hauls made in the mth management region and (or) period, but stock assessments that make use of catch-at-length or -age data require estimates over all hauls made in the region and (or) period. This can be achieved only by assuming that the proportion-at-length or -age is the same in catches whether or where
The forms of N m and am are given by eq. A.31 in Appendix A (see Table 1 for all symbol definitions). The assumption that proportions are not changed by s-prevalence may be more worrying when the proportion of fish caught in s-prevalent hauls (N am /N m ) is small than when the proportion is large. Differences in proportions-at-length or -age will lead to bias in the estimator of overall catch-at-length or -age ( m ), and the bias increases as the proportion of fish caught in s-prevalent hauls decreases. However, the assumption is unavoidable using any estimation method because the length measurements and otoliths are only taken from s-prevalent hauls. where
Cov ami , amj 
Dispersion of proportion estimates
In estimating proportions-at-length or -age, stock assessment scientists realize that the length or age measurements are not independently drawn from the entire catch for a given region and (or) period, and the variances of proportions are often modeled to reflect an overdispersed multinomial distribution (e.g., Fournier et al. 1990; McAllister and Ianelli 1997) . The variance of the estimated proportion of fish in the ith length or age class under an overdispersed multinomial assumption is
In the Pacific cod stock assessments, the lack of independence among measurements is treated by assuming that the samples size is equal to the square root of the true sample size (Thompson and Dorn 2004; Thompson et al. 2004) . Implicit in this assumption is that dispersion parameters for proportions-atlength in catches are equal to the square root of the sample size (τ mi = √ n m ). Note that the dispersion is constant across all length classes under this assumption. To compare the dispersion of estimates under the overdispersed multinomial assumption to that provided by our approach, we calculate a moment-based estimate of τ mi for both Pacific cod proportions-at-length and sablefish proportions-at-age. Specifically, when our sampling variance estimate for the ith length or age class is Var P ,ami (the ith element of the diagonal in eq. 4), Var P ,ami ≡ P ,ami 1 − P ,ami τ mi n m and the moment-based estimator of the dispersion parameter is
where P ,ami is the ith element of eq. 3. As Pennington et al. (2002) note in a different context, the dispersion estimator (eq. 5) can also be viewed as the "design effect", which Table 2 for length class definitions. No estimates are available for June-August in the Gulf of Alaska because no length measurements were obtained. compares the current sampling design with an alternative design where each fish is sampled independently. When τ mi > 1, there is greater variability in our proportion estimates than those obtained from independent measurements and vice versa. Similarly, when τ mi > √ n m , there is greater sampling variability in our proportion-at-length estimates than the variability assumed in the Pacific cod stock assessment and vice versa.
Correlation of proportion estimates
The dispersion is useful for comparing the sampling variances of the proportion estimates with the corresponding variances under a multinomial assumption, but comparison of the correlations of proportion estimates under the two estimation approaches is also important. Correlations of the proportion estimates describe the occurrence tendencies of different length classes with each other in the catches. Two length classes tend to co-occur when proportion estimates are positively correlated; they tend to occur separately when there is negative correlation. With a multinomial model (overdispersed or not), the correlations of different proportion estimates are implicitly negative. We present simple graphical representations of correlations among our proportion-at-length and -age estimates and those under the multinomial assumption that display the magnitude and sign of correlations and contrast the correlations under the two estimation approaches.
Results
We applied our estimators to data collected in 2002 to estimate catch-at-length for Pacific cod and catch-at-age for sablefish. For Pacific cod, we made separate estimates for each management region (Bering Sea -Aleutian Islands and Gulf of Alaska) within the three management periods (January-May, June-August, and September-December). For sablefish, we made estimates for each of the six management regions (Aleutian Islands, Bering Sea, western and central Gulf of Alaska, western Yakutat, and the Southeast). We also produced dispersion estimates for porportions-at-length and -age to compare the sampling variances with corresponding variances expected with the multinomial assumptions. We made estimates for length classes defined by the length intervals used in the Pacific cod assessments and for age classes used in the sablefish assessments.
Catch-at-length for Pacific cod
More total Pacific cod were caught in the Bering Sea -Aleutian Islands than in the Gulf of Alaska in 2002, and the relative precision of catch-at-length estimates was higher for catches in the Bering Sea -Aleutian Islands than in the Gulf of Alaska on average (Fig. 1 ). The average (across length classes) coefficients of variation (CVs) for catch-at-length estimates were approximately 38%, 22%, and 21% in the Bering Sea -Aleutian Islands during January-May, June-August, and SeptemberDecember, respectively, whereas corresponding values in the Gulf of Alaska during January-May and September-December were approximately 45% and 67%, respectively. The main reason for less precision in Gulf of Alaska estimates compared with Bering Sea -Aleutian Islands estimates is the higher proportion of effort by vessels with only 30% observer coverage. In general, as the number of trips sampled (observed) per stratum (vessel-quarter) increases, so does the precision (see eqs. A.24 and A.29) . No length measurements were obtained during June-August in the Gulf of Alaska, and consequently, no catch-at-length estimates are available for this region-period. Similarly, relatively few Pacific cod were caught during JuneAugust in the Bering Sea -Aleutian Islands.
For the Bering Sea -Aleutian Islands, the proportion of Pacific cod caught in s-prevalent hauls was consistently high over the three periods (approximately 90%-95%), which implies the assumption of equal proportions-at-length in hauls, s-prevalent or not, may be of little concern. For the Gulf of Alaska, the estimated proportions of fish caught in s-prevalent hauls were much more variable over the three management periods (92%, 0%, and 61% for January-May, June-August, and SeptemberDecember, respectively). The lack of s-prevalent hauls in JuneAugust is concerning, but the low proportion in SeptemberDecember could also lead to substantial bias in catch-at-length estimates.
For some of the less frequent length classes, region-and period-specific Pacific cod estimates were less dispersed than expected under multinomial assumptions ( Table 2 ). The dispersion was greater than one for most estimates, but sampling variances were less than 40 times greater than expected under multinomial sampling for all length classes, and there was The square roots of the sample sizes (based on the number of length measurements we used) that corresponded to the dispersions assumed in Pacific cod stock assessments were approximately 270, 176, and 292 for the January-May, June-August, and September-December, respectively, in the Bering SeaAleutian Islands and approximately 71 and 42 for JanuaryMay and September-December, respectively, in the Gulf of Alaska. These square-root sample sizes were invariably much greater than any of the dispersions we found for our proportion estimates (maxima were approximately 35, 5, and 14 for the respective periods in the Bering Sea -Aleutian Islands and approximately 8 and 20 for the respective periods in the Gulf of Alaska), which implies that the sampling variance of our estimates is much lower than the variance that would be used in the Pacific cod assessments.
During all three periods in each region, we observed both positive and negative correlations using eq. 3, and the correlation estimates were consistently much different than those expected under the multinomial assumption. For January-May in the Bering Sea -Aleutian Islands, positive correlation estimates were as high as 0.97 and negative estimates as low as −0.73. The lowest negative correlation under the multinomial assumption was only −0.24. There was also clustering of the correlations in that there was positive correlation of some proportion estimates corresponding to the smallest length classes (<39 cm) and of some proportion estimates corresponding to the largest length classes (>80 cm), whereas there was negative correlation of proportion estimates for the middle length classes with those for the smaller and larger length classes (Fig. 2) . Moreover, Table 3 for age class definitions.
there was positive correlation of proportion estimates in the smallest length classes with those in the largest length classes.
For June-August in the Bering Sea -Aleutian Islands, the positive correlation estimates were as high as 0.58, and negative estimates are as low as −0.52 for our estimation approach, whereas the negative estimates under the multinomial assumption were only as low as −0.21. However, a clustering pattern in the correlations was less apparent than in January-May (Fig. 2) .
Like January-May, the Bering Sea -Aleutian Islands proportion estimates for September-December showed some positive correlation within closely related sets of length classes (among length classes <50 cm and among some length classes >65 cm) and strong negative correlation of proportions estimated in the smaller length classes with those in the larger length classes (Fig. 2) . For September-December, the positive correlation estimates for the Bering Sea -Aleutian Islands were as high as 0.80, and negative estimates were as low as −0.77 for our estimation approach, whereas the negative estimates under the multinomial assumption were only as low as −0.20.
For the Gulf of Alaska, there was positive correlation of proportion estimates for some length classes <60 cm and among some length classes >74 cm in January-May (Fig. 3) . The positive correlation estimates for the Gulf ofAlaska in January-May were as high as 0.86, and the negative estimates were as low as −0.82. The negative correlation estimates for the same region and period under the multinomial assumption were only as low as −0.26.
There was strong positive correlation among proportion estimates for smaller (<54 cm) length classes and among those for intermediate (>55 and <80 cm) length classes in SeptemberDecember (Fig. 3) . There was also positive correlation of proportions estimated for most large length classes (>80 and <100 cm) with those for smaller length classes and negative correlation between the proportions estimated for small and intermediate length classes and between the proportions estimated for intermediate and large length classes. Based on our estimation approach, the positive correlation estimates were as high as 0.97. Negative correlation estimates for the Gulf of Alaska in the same period were as low as −0.97 using our estimators, whereas estimates under the multinomial assumption were only as low as −0.22.
Catch-at-age for sablefish
Regional sablefish catches were largest in the western and central Gulf of Alaska in 2002, whereas fewest sablefish were caught in the Bering Sea (Fig. 4) . The average (across age classes) CVs for catch-at-age estimates were highest in the Aleutian Islands and western Gulf of Alaska (approximately 84% and 81%, respectively), whereas corresponding values were lowest in the western Yakutat and the Southeast (both ∼38%). Because sablefish in the Aleutian Islands were caught primarily by vessels requiring only 30% observer coverage, lower coverage partially explains low precision of sablefish catch-at-age estimates for this region as it does with Pacific cod catch-at-length estimates for the Gulf of Alaska.
The proportion of sablefish caught in s-prevalent hauls (N am /N m ) was high (approximately 80%-97%) across all regions but the Bering Sea (approximately 11%). The observed proportions imply that the estimates for the Bering Sea can be substantially biased when the proportions-at-length for sprevalent hauls are different from those where the species of interest is not prevalent.
Like Pacific cod proportions-at-length, dispersions for most sablefish age classes were greater than expected under the multinomial assumption, but the largest dispersions were much less than those found for Pacific cod proportions-at-length (Table 3) . Likewise, there was less heterogeneity in the age class dispersion estimates (range: 0.046-7.336). We do not present dispersion parameters currently used for sablefish assessments because any assumptions about dispersion of proportion-at-age estimates are not described in recent sablefish assessment documents (e.g., Sigler et al. 2004) .
We also found both positive and negative correlations among proportion-at-age estimates for sablefish (Figs. 5 and 6 ). Using our estimators, positive correlation estimates were as large as 0.94, 0.66, 0.99, 0.61, 0.82, and 0.79, whereas negative correlation estimates were as low as −0.51, −0.50, −0.51, −0.55, −0.44, and −0.47 for the Aleutian Islands, Bering Sea, western and central Gulf of Alaska, western Yakutat, and Southeast regions, respectively. The respective correlation estimates under the multinomial assumption were as low as −0.15, −0.32, −0.32, −0.25, −0.15, and −0.12. However, unlike the proportion-at-length estimates for Pacific cod, distinct clusters of positively or negatively correlated proportion-at-age estimates were not found for any of the regions.
Discussion
When vessel-quarters and trips are not undersampled, the inferential properties of the estimators we present reflect the randomization inherent in determining which hauls are sampled and probability models within each haul (details of estimators are provided in Appendix A). Estimation approaches more commonly used combine all length or age measurements within a management region and (or) period to obtain model-based estimates of proportion-at-length and -age, but these estimates can be biased when there is differences among vessels in fishing activity that result in differences in length composition of caught fish. One possible scenario where bias in proportionat-length and -age estimation would occur is when the vessels with 30% observer coverage (medium size class) obtain catches with different length composition than those with 100% observer coverage (large size class). Length samples from the catches by medium vessels should be weighted differently than the catches made by large vessels because of the difference in observer coverage (i.e., trip sampling probabilities). Completely model-based methods that incorporate the differences in coverage could be implemented, but the models would need to be continually tested to ensure model validity.
With the design-based construct we employ, estimators weight data from each haul, trip, and vessel-quarter according to corresponding levels of sampling effort. Therefore, any differences in fishing behavior will not produce biased estimates. We have model assumptions for undersampled trips and within-haul estimation, but undersampled trips represent a small component of overall longline effort, and within-haul catch-at-length Correlations are based on our estimators (eqs. 3 and 4) and a multinomial assumption (Multinomial). Open and solid circles represent positive and negative correlation, respectively. The size of the circle represents magnitude of the correlation relative to the largest (in absolute value) correlation obtained using either estimation approach for a given region. Blank spaces indicate age classes not present among aged otoliths. and -age estimates should be unbiased because of randomization methods observers use to sample within hauls. However, our assumption that 30% of fishing trips made by vessels in the medium size class are observed (see Estimation for vesselquarters in Appendix A) should eventually be tested, because consistently higher true coverage would provide positively biased catch estimates and vice versa.An even better design-based alternative would be to track the number of unobserved hauls and trips made during vessel-quarters with 30% coverage so that estimation can be achieved without modeling the trip sampling process.
When fish of similar length or age cluster in their habitat and when commercial hauls capture different clusters, the sampling distribution of length or age classes in pooled samples from these hauls is well-known to depart from the multinomial distribution because the measurements are no longer independent. Typically, the variance of proportions estimated from the pooled sample is larger than that when the data are multinomially distributed (McCullagh and Nelder 1989; i.e., overdispersed). The degree to which the data are overdispersed leads directly to an effective sample size that represents the number of measurements needed to obtain the same information were we able to sample the fish independently. Specifically, given a sampling variance for a proportion estimate,
we can determine the effective sample size as n m /τ ,mi . Notice that this effective sample size can be length-or age-classspecific, but assuming that the overdispersion is constant across classes (τ ,mi ≡ τ ,m ) is common in the quasilikelihood approach to linear modeling of categorical data. We use this approach for model-based catch-at-length and -age estimators for the few trips for which design-based estimation is not possible (eqs. A.18 and A.19). McAllister and Ianelli (1997) describe another estimation procedure for effective sample size that is sometimes used in length-and age-structured stock assessment models to account for a lack of independence among length and age measurements. In fact, their effective sample size estimator (McAllister and Ianelli 1997; eq. 2.5) is closely related to the overdispersion estimator provided by McCullagh and Nelder (1989; an application is eq. A.17 here). The variance estimator presented here (eq. 4) provides alternative estimates of the variance of proportion-at-lenth and -age estimates that are not constrained by the usual overdispersed multinomial assumption (i.e., mean-variance relationship and constant overdispersion); we found that the degree of estimated overdispersion for Pacific cod and sablefish was actually quite heterogeneous across length and age classes, respectively. Furthermore, the overdispersion estimates imply that the effective sample size is much higher than the assumed square-root sample size for Pacific cod.
Reasons for the differences between the levels of overdispersion implied in the Pacific cod assessment and our estimates based on the sampling design are unclear, but differences in the types of uncertainty they represent may play a part. For instance, our estimators account for the finite aspect of the captured population, so that when all captured fish are counted and lengths measured or otoliths correctly aged, there is no uncertainty in catch-at-length or -age. This contrasts with the process error that is included when fitting temporally stochastic stock assessment models. Because the catch-at-length or -age predicted by stock assessment models are linked temporally, there would still be residuals between the data and predicted catchat-length or -age even when the lengths or ages of all caught fish are known. Hence, the corresponding variance estimates also incorporate temporal stochasticity. Assuming the assessment model provides unbiased predictions for the proportions, the variance of a predicted proportion is
where σ 2 ,mi is a component that represents the contribution of process error variance. Thus, given our sampling variance provided by eq. 4 and the estimates of variance for the predicted proportion given by fitting the assessment model ( Var φ ,mi ), a moment-based estimator of the process error component for the ith length or age class is
Using this estimator would theoretically allow stock assessment scientists to tease apart the variance components and more rigorously assess the uncertainty of their results. Similarly, the difference between our dispersion estimates for Pacific cod and the square-root sample size represents (approximately) the process error component when we write σ 2 ,mi and Var φ ,mi as functions of the multinomial variance, as we did for the sampling variance to obtain our dispersion estimator (eq. 5). The difference only approximately represents the process error variance component because the average effective sample size produced by the Pacific cod assessment is reported rather than the length-class-specific effective sample sizes.
The covariances of the proportion-at-length and -age estimates are also not constrained by overdispersed multinomial assumptions (i.e., −P ,mi P ,mj τ ,m ). In fact, the correlation structures for proportions-at-length differed markedly from those implied by the multinomial assumption. Because the lengths and ages are linked over time in length-and age-structured assessment models used for Pacific cod and sablefish, using our sampling covariance estimates in the assessments could provide different results than those based on the current treatment of the catch-at-length and -age data. On the other hand, if the covariance among the predicted catch-at-length and -age due to process error dominates the total covariance (process error and sampling error), then there may be no discernable differences.
In conclusion, we recommend using the approach we present to estimate catches-at-length or -age (eqs. 1 and 2) or proportionsat-length or -age (eqs. 3 and 4) for North Pacific stock assessment models, so that the randomization inherent to the sampling design is reflected in the estimates. This estimation approach relies on a design-based construct that integrates weak model assumptions, unlike the more common approaches that pool all length or age measurements in a given management region and (or) period. There is no added cost other than computing the estimates. Because the estimates are asymptotically multivariate-normal, using this distribution is the most obvious method of incorporating the information into a stock assessment likelihood. The estimates obtained using our approach can also be incorporated in a MULTIFAN-like fashion (Fournier et al. 1990 (Fournier et al. , 1998 
Appendix A. Estimation details.
The estimators of catch-at-length and -age are cumbersome, and we provide details of the component estimators here. These results can be implemented within the estimators pertaining to yearly catches provided earlier in the Materials and methods section. The assumptions of the sampling design and incorporated models are provided, but detailed derivations and such properties as unbiasedness, asymptotic or otherwise, are provided by Miller (2005) . Valliant et al. (2000) provide a straightforward introduction to prediction with super-population models.
The estimators for yearly catches are functions of nested estimators at the various phases within a vessel-quarter. As such, we start at the last phase (sampling within hauls) and work up (i.e., sampling of hauls within trips, trips within vessel-quarters) so that subsequent estimators build on those previously described (see List of symbols for all symbol definitions). We present estimators for total catch (without regard to s-prevalence) as well, because the estimators of catch-at-length and -age (eqs. 1 and 2) require estimators of total catch as a component.
Estimation at the haul level
Total catch
Under a super-population model where the capture of a fish on a hook in a haul is independent across all hooks in the haul, and the probability of capture (p k ) is constant throughout the haul, the number of fish counted in the sample from the kth haul is a binomial random variable with mean E(n k ) = h k p k and variance Var(n k ) = h k p k (1 − p k ). The best linear, unbiased predictor of the total is
Catch-at-length
We assume a super-population model for fish in the haul, where the expected value for an individual fish is the probability vector of being in one of the L length classes, p k = (p k1 , . . . , p kl , . . . , p kL ) , and the variance is k = diag(p k ) − p k p T k . We also assume that the length measurements of fish in the haul are uncorrelated. Using the (assumed) independent estimator of the total number of fish in the haul (eq. A.1), the model-unbiased estimator for the catch-at-length is
The corresponding prediction error variance estimator that is negligibly biased when the number of fish in the haul is large relative to the number of fish in the length sample is
and Var N k is given in eq. A.2.
Catch-at-age
We assume a super-population model identical to that for catch-at-length, where the expected value for an individual fish is the probability vector of being in one of the A age classes. Often, a simple random sample (SRS) of size n Am from all otoliths collected (N Om ) in the mth region and (or) period are aged, and we account for this variability when deriving an estimator of catch-at-age in the haul and the corresponding variance estimator. Using the (assumed) independent estimator of the total number of fish in the haul (eq. A.1), the unbiased estimator for the catch-at-age is
The variance estimator is
where Var N k is given in eq. A.2,
Estimation within a region and (or) period at the trip level
We are specifically interested in estimation for regions and (or) periods important for groundfish management (see Domain estimation for stock assessment models in the Materials and methods). For Pacific cod, there are two domains for the first quarter each year: catches made in the Bering Sea -Aleutian Islands and the Gulf of Alaska. For the second quarter, there are four domains owing to the incongruency of the periods used in assessments and the quarterly stratification: catches made in April-May (Bering Sea -Aleutian Islands and Gulf of Alaska) and catches made in June (Bering Sea -Aleutian Islands and Gulf of Alaska). For the same reason, there are four domains in the third quarter: July-August (Bering Sea -Aleutian Islands and Gulf of Alaska) and September (Bering Sea -Aleutian Islands and Gulf of Alaska). Finally, the fourth quarter has just two domains (Bering SeaAleutian Islands and Gulf of Alaska). For sablefish, there are six domains each quarter defined by the six different management regions: Aleutian Islands, Bering Sea, western and central Gulf of Alaska, western Yakutat, and the Southeast.
Total catch
When there is an SRS of hauls within each trip, the design-based, within-trip estimator of total number and the corresponding variance estimator for hauls made in the mth region and (or) period during the tth trip are
Var N k
where N k and Var N k are given in eqs. A.1 and A.2, respectively.
Catch-at-length
We assume that whether a sampled haul is s-prevalent or not is known without error and is indicated by the decision of the observer to take length measurements for the species. That is, for whatever species the observer takes length measurements in the kth haul, that haul is s-prevalent for all of those species. The estimator of the catch-at-length vector in s-prevalent hauls made in the mth management region and (or) period during the tth trip is
where k is given in eq. A.3. The corresponding variance estimator is
Var k where Var k is given in eq. A.4. Notice that for unbiased variance estimation, only the total number of hauls sampled (g t ) must be greater than one rather than the number of sampled s-prevalent hauls in the management domain (g amt ).
Catch-at-age
The observers are instructed to take otolith samples from every zth length sample, where z depends on the species of interest (AFSC 2004) , and a subsample of those otoliths are analyzed to determine age. Simple random sampling results are appropriate for the systematic sampling of s-prevalent hauls to obtain otoliths when there is no cyclic pattern in age composition among the s-prevalent hauls (e.g., Särndal et al. 1992, section 3.4) . When an SRS of all otoliths collected in the mth region and (or) period is aged, there is covariance between catch-at-age estimates for hauls in that region and (or) period. An estimator for the catch-at-age within the tth trip for s-prevalent hauls in the mth subsampling region and (or) period is
where k is given in eq. A.5. The sample size, g Ot , is conditional on the number of s-prevalent hauls sampled (g at ), which varies over the sampling distribution of total sampled hauls for the trip. The corresponding variance estimator is
Var k is given in eq. A.6. Notice that when otolith samples are taken with every length sample (g at = g Ot ) and there is no covariance between hauls, eq. A.12 reduces in form to eq. A.10. Furthermore, when the subset of interest equals the entire set of hauls (i.e., g at = g t ), eqs. A.8 and A.10 reduce to the more familiar, two-stage (SRS at the first stage) variance estimator.
Model-based estimation for undersampled trips
There are trips when an observer is present on a vessel, but may sample an insufficient number of hauls for variance estimation. In these cases, useful information about hauls, including the number of hauls made during the trip and the location of each haul, is known. Furthermore, the number of hooks deployed for each haul is known. Models based on observed effort during other trips can be used to predict catch parameters for the undersampled trips. Because of the estimation needs of the stock assessment models and possible differences in regional and (or) seasonal fishing practices and fish population attributes, we use models for predicton of catch parameters that are region-and (or) period-specific (i.e., fine-scale).
To predict total catch for an undersampled trip, we use a model for the probability of capture of the species on a hook. However, there is surely greater variability in the number caught on sampled hooks than expected under simple binomial assumptions, and we treat uncertainty in the total number estimate with a hierarchical model that allows different conditional capture probabilities among hauls. Thus, given a haul, we assume the presence of a fish on a hook is a Bernoulli random variable, but that this probability varies between hauls. Under this hierarchical model, the marginal mean and variance for the random variable that indicates capture of an individual on a given hook in the mth region and (or) period during the qth quarter are E(x i ) = π mq and Var(x i ) = π mq (1 − π mq )τ π,mq , respectively. The dispersion parameter, τ π,mq , accounts for departure from the simpler model where the capture probability is constant across hauls. The best linear unbiased estimator of the marginal capture probability is (A.13) π mq = To predict catch-at-length or -age in s-prevalent hauls, hierarchical models are needed for the probability that a hook is from an s-prevalent haul in the mth region and (or) period during the qth quarter (α mq ), the probability of capture on a hook in the region and (or) period given the fish is from an s-prevalent haul (π amq ), and the probability that the captured fish has length or age in one of K length or age classes (p ,amq ). A model analogous to the capture probability model supposes a marginal probability that a hook is from an s-prevalent haul within a region and (or) period, α mq , with variance α mq 1 − α mq τ α,mq . An estimator of the s-prevalence probability in the mth region and (or) period is For a motivation of the overdispersion parameter estimators see McCullagh and Nelder (1989, pp. 163-175) .
Covariance of estimators
When the tth trip is not undersampled, the covariance estimator for the total catch and catch-at-length estimators in the mth region and (or) period is
Var N k p k and the covariance estimator for the total catch and catch-at-age estimators in the mth region and (or) period is
There is no covariances of N * mt with * amt or * amt when the tth trip is undersampled, because the model-based estimators are assumed independent.
Estimation for a vessel-quarter
For estimation over an entire vessel-quarter, we present results for a generic, vector-valued parameter, X, which may be regionand (or) period-specific. Under SRS assumptions for observing trips within a vessel-quarter and given the total number of trips made and the number of observed trips, the general within-vessel-quarter estimator is
When the tth trip is not undersampled, X t is given by eq. A.7 for total catch, eq. A.9 for catch-at-length, or eq. A.11 for catch-at-age. When the trip is undersampled, X t is given by eq. A.14 for total catch or eq. A.18 for either catch-at-length or -age. The general variance estimator is
When the tth trip is not undersampled, Var X t is given by eq. A.8 for total catch, eq. A.10 for catch-atlength, or eq. A.12 for catch-at-age. When the trip is undersampled, Var X t is given by eq. A.15 for total catch or eq. A.19 for either catch-at-length or -age. The covariance of total catch or catch-at-length estimators for the tth and uth trips, Cov X t , X u , will be non-zero only when both trips are undersampled. When both the tth and uth trips are undersampled, the covariance estimators are (A.25 Again, there is no covariance of N * mt and * mu when both trips are undersampled because of independence assumptions. For vessel-quarters with 100% observer coverage, C v = c v and the within-vessel-quarter estimator reduces to the sum of the tripspecific estimates and the variance estimator reduces to the sum of the within-trip variance estimators and between-trip covariance estimators. However, for vessel-quarters with 30% observer coverage (medium vessels), the total number of trips is unknown. If we assume the number of days per trip and observer presence are independent, then with respect to the process that determines the observed trips, 30% of fishing trips are observed for a given vessel each quarter, on average. This equates to a model where E (c v ) = 3C v /10 for all vessel-quarters associated with medium vessels. A more general model that treats any specific coverage level has E (c v ) = C v /ξ v , where ξ v is the inverse of the proportion of trips sampled on average. In the present context, ξ v = 10/3 for all vessels in the medium size class. We also assume a constant model variance for the number of observed trips across all vessel-quarters with 30% observer coverage during the qth quarter, Var (c v ) = σ 2 cq . Therefore cq will overestimate the variance of the number of sampled trips, unless the mean number of sampled trips is also constant across vessels. Another reason the variance estimator is conservative is that X X T is positively biased for XX T .
Addressing undersampled vessels-quarters
Some vessel-quarters with 30% observer coverage may have an insufficient number of trips observed for variance estimation (i.e., c v = 1), which inhibits the use of eq. A.29. An alternative conservative estimator for the variance over all vessel-quarters within the qth quarter where only one trip is sampled is Cochran (1977, p. 139 ) and others, except that here we treat the presence of covariance between elements in different strata.
Estimation over multiple vessel-quarters
Estimation over a set of vessel-quarters is achieved by simply summing the vessel-quarter estimates. However, variance estimation must account for model-based covariance of vessel-quarter-specific estimates within the same quarter when both contain some number of undersampled trips because of the quarter-specific model parameters we use. Subsampling of all otoliths collected in multiple quarters will produce additional design-based covariance of catch-at-age estimates both within and across quarters. Were it not for these covariance considerations, we could apply the usual stratified sampling results. The generic estimator over all vessel-quarters within Q quarters is where the variance of a single estimator is given by the special case, X 1 = X 2 . When we are estimating variance, Cov X 1qv , X 2qv = Var X qv is given by eqs. A.24, A.29, or A.30 , depending on the observer coverage level for the vth vessel-quarter and whether some 30% coverage vessel-quarters are undersampled. When the vth and wth vessel-quarters in the qth quarter contain undersampled trips, the covariance estimator for total catch is
